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Ionization Strategy for the Preparation of a Water-soluble Maleic
Anhydride-based Photosensitive Probe and Its Application in
High-efficiency Antibacterial Therapy
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Abstract The 3, 4-diarylmaleic anhydride series derivatives have been applied in biological fluorescence imaging
and phototherapy due to their high reactivity with primary amine substances, but their water solubility limitations limit
their further biological applications. This paper synthesized a cationic fluorescent probe 2NM-1 from diethyl-aniline
via sequential Friedel-Crafts acylation with 1, 2-squaroyl chloride, photocatalytic ring expansion, and quaternization
with methyl iodide. The probe exhibits pronounced aggregation-induced emission property and good water solubility,
and effectively binds to cell membrane through electrostatic interactions, thereby achieving specific fluorescent
recognition and imaging of microbes. 2NM-1 displays potent photodynamic antibacterial activity against Gram-positive

bacteria and fungi, demonstrating potential for biomedical applications.
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THAE YRGS U N il B ) F B R 22—, JE R A R 2P S A 1 )iz s B B Ry
R R R L R, TR R EAT T R E FAPLR 0 s A B SR, S P R PR R Ok
P A ) B A U B 5 1) . G bR A AR R AYE L s T RIG T X, 7RO
TYEHGA = A 15 P4 (Reactive oxygen species, ROS) , SCBUR IFUAE 9 e B0 5407, B A5 15T
it 25k . X515 FEAL/NFEOL S, BT R f A

FENB BT ER R, GG A RE B i LT A RCR S A 2 v AR AP DGR
N 22 RAFRER e M L M ROS AERLRE T . U5 KA PR DL R e B PR S 1) S A= o 0 RE 0. a4
d, BEEEF ROt (Aggregation-induced emission, AIE)BPEHEHAE RALRS T 2OEIGRAERE, 7l T
12589 60T TEVR TS P PR SR B 8400 6 R K (Aggregation-caused quenching, ACQ) [EREG , 7EAE 9%
G5 1R TT h A 2 L LR AR, @ SRR TR, B ATE Rt 5 B TR
W&, ATk 2 RS SRR S B H Ay P 4 TR A RS 2 [ () e e AR BV, NI B LA gk ST

BRI SR, P T2 MRS T SR K A B IR B A AE , o 2 KPR BH B8 0L B 36 T 4 B 3R 1
P, 7ERH 7401 L AGE S iy g K SR A, ST S B A B ) OGS0, ST AN R R HL AL
T8 H LU L S P A e T AR, DR O Y PH S g3 0 A 5 B K R S X A R e A e 1) G
2R, H T2 2R ATE SCEORIIAETE G BRI | 4345t 5 2% | SIS R R BR S 5 2
BRESIA LM, PR, B IEA R Ham B g A | R W i % S A R sk ROS A A RE o Y BH
BT ATE BRG], SRR BERRMEP TR A% G

BARIESE T R B, FECRRARAE T, 1, 2- 05 By R AE MR - e A Ak 3, 4- — 05 SR i
SRR A, 12 S0y (a7 s %, SRR WT R Y B vy, 3l 2ok IR A A BBl 45 - SR AT AT SO P
JoT 5 G BB 2 1) ARG A AT 4R Y L XSS SR ER A AR ) ELA 0 1 40 TN LA AR RS R R AT B I
PE, JE—JRI RIS T ALE AOGESR . AT, HETHE PRI A o Ak TP B B, JUHETEDT
RIS 8 T 7 8 R FE 0425408

FEF LA IR 5, AR SCRITE AL T — M P B 8 3, 4- 05 S B9 H R BRI 1L &9 (2NM-1).
SIAE B FHIC T LFEIERE, i3 Friedel-Crafts BEREAL SO0 45 AR 2N-SQ 5 FREEHEL Y SR 51 R
%%?Ahﬁﬁﬁﬁﬁ R MR I TOOCIRZ5 4 (2NM) 5 S, AR et /U i1 72284k, 51 A IEHL faf

P32 7 BURET 2NM-1(Scheme 1), IZARET -G UL TR | A5H R, B 28 A9 ALE FRPERR 2L
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Scheme 1 Schematic illustration of antibacterial mechanism of 2NM-1
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1 SEIGERS

1.1 RFI 5

N, N-ZZHEFE W (A 99. 0% ) . BAL AN (461 99. 0% ) F19, 10- 1 —He- — (37 F ) )8 —FR (4l
JE95%) , i SEAR A AL RIS B A BR A &l 5 BT N, N-—H BEH B (4% 99. 8%), |22 1t 5 1k 2%
A PR w5 JoK =GR (A 99. 0%) , My 2% () AR Tl R A PR | 5 3,4- 8 5E-3-3F
TRe-1,2- i (46 98. 0%) . 2", 7' - A PNE L IRIEE (4EF 98. 0% ) Fl — A% FF 123 (4% 95%)
R REBTRL T A AR B A BR S W 5 JEK R R EE A SAL AN (4 99. 0% ) , g Ak 2F R A R
Al s BRSO (4l 98% ) , 36 [EIFEBR KRB A BRA H] .

Bruker 400 MHz 7 1 Bruker 500 MHz BUAZ i i 37 135 (NMR) I MALDITOF/TOF U3 Jow i B0t
ff BT L SR AT B (8] T 3% A (MALDI-TOF-MS) , i+ Bruker 23 ] 5 UV-2600 %I 48 41 - 1] UL 4365 B2 11
(UV-Vis), HZS Shimadzu A ] ; Fluoromax-4 #7664 (PL) , H 7S Horiba 2 H] ; Nano-S90 % 5255t
U, SeE Malvern 24 Al 5 S & SH T+ W50 (SEM) , H A H 3224 w5 LSM 710 BG4 i)
s, TEE Zeiss 23Tl 5 Infinite M200PRO % Z S REMFLARAGINAY , Fi 1 Tecan 23 H] .
1.2 LR

16440 2N-SQ, 2NM FI 2NM-1 A4 iER 2R UL Scheme 2. 38 3 J2HTAE (3 X H AR =064 T 1745 85 Al
$E4, 34 'H NMR, “C NMR, MALDI-TOF MS K 5 X 57 o0 Bt A T 1 Z5 R B UE , AH G5 & D

B ST~ SO (WA SR E B,
0L 0
0
SN 0 0 & e
AICL v CH;l
b + j:( DCM ~ \_ J THF \_ _/ CHCN
a’ Na . . x L N
| 2 — N I
INM-1

0)
N
—
2NM

2N-SQ
Scheme 2 Synthetic route of 2NM-1

121 & 2N-SQ 84 % #2 g(17.5 mmol) 3,4- 3-8 T -1, 2- - Fi A 100 mL 3T 2
R, AR AR R AN WA N R AL T . R 35 mL i TS ARGE AR, iz 60 °C,
0. 15 mL T N, N-—F LR R R A SO, BRI 6 h. WA H G, W EEE, FREH
FNE AT R ERE L, A i U P BEle st 25 bR 25 2 R W @A N, N-—F JE F Az
REITRRIES . 4. 6 g(35 mmol ) JE/K = ALERIINA 250 mL AU S i H, B 7 BRI S40H 20 mIL 44
HBERs B Ja i A OB, PR A 80 mL & H e, 2= 58 °C, FHF S8 /i 5. 33 mL(35 mmol)
N, N-—ZIERREFE IR 12 he S5 ARG, B A5 A A Y2 /K 1) 1000 mL 43 <, FK-—4
FRGEEA TR 3 IR, A LA JCK B R BE T8, e 28 R bk A LA, S A2 bk o i 42
4l 15 B HE 8 A0 AR 2N-SQ (3.2 ¢) , 7% 60%. 'H NMR (400 MHz, CDCL,), 6: 8.09(d, J=8.9 Hz,
1H), 6.72(d, J=8.6 Hz, 1H), 3.46(d, J=7.1Hz, 2H), 1.24(s, 2H); *C NMR(101 MHz, CDCl,), §:
196.77, 181.17, 150.84, 131.43, 130.78, 116.33, 111.10, 44.79, 12.72; HRMS (MALDI-TOF) ,
m/z: 376. 2151 [M+Nal*, 114418 399. 2056.

122 A& 2NM B A K 17 250 mL A0 UEH i A 1 g(2. 66 mmol ) 2N-SQ, FifiJ5 /il A 100 mL P4 &
MR , 7E 400~410 nm YEAHELL T RN 6 h, S5 1E R RRZOE O, R HI 2R IRG , T2 kbR A
A, B S R AL 2 20 B i oy s AR 2, 15 3 58 08 A8 AR 2NM (626 mg) , 77 %k 60%. 'H NMR
(500 MHz, CDCL,), &: 7.86(d, J=8.8 Hz, 1H), 7.75(d, J=8.9 Hz, 1H), 7.54(d, J=9.2 Hz, 1H),
6.59(d, J=9.2 Hz, 1H), 3.72(s, 2H), 3.64(s, 1H), 3.43(q, J=7.1 Hz, 2H), 1.21(t, J=7.1 Hz,
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7H) ; C NMR (101 MHz, CDCL,) , §: 166.75, 149.17, 132.53, 131.40, 115.11, 111.03, 44.54,
12. 76; HRMS(MALDI-TOF) , m/z: 392.2100 [M |*, 1141 393. 2182.

123 fu& 4 2NM-1 894 11 100 mL & IEFEH P ITA 100 mg(0. 25 mmol )2NM, F/IIA 20 mL ZJiif
JNHZ 50 °C, A 0. 5~1. 0 mLAH Kz, (0135 S0 48 he [N LG, ek 78 K IGE1ER] . Frfs BT
5 mL ZHEH AR, T AGEAT Z N LSBT, g 2] H AR 2NM-1 (R 28 (4[4 88 mg) , 1™~
%65. 8%. '"HNMR(500 MHz, CDCL,), 8: 7. 88(d, J=9. 0Hz, 1H), 7. 79(d, J=9. 1 Hz, 1H), 7. 55(d, J=9. 2 Hz,
1H), 6.62(d, J=8.8 Hz, 1H), 3.73(d, J=13.3 Hz, 2H), 3.44(d, J=7.2 Hz, 2H), 1.33~1.10(m, 7H);
BC NMR (126 MHz, CDCL,) , 8: 165.63, 141.61, 140.31, 132.66, 132.21, 122.63, 111.93, 65.21,
55.05, 46.90, 45. 16, 12.96, 9. 44; HRMS(MALDI-TOF) , m/z: 407. 2329[ M ]*, 11441 407. 2344.

124 WHEFFRFEAE  B100 pL BRI T2 5~10 mLiE BCi AR 725509 50 mL G B 04
BT 37 CHEIRFEIR L, LA 170 v/min PR TE IR EE 5 12 h, B3 05 8 W AR AR 855 35 AR R T iR A
Bife , ANHERCT mL A 2 mL #5008, i el B O RS BR IH S 3R 5L, PR B MR Eh 22 v W (PBS ) 4 7
3WRPETE , M5 — R B0 1 FE2IE WG @B, SRR S 20 TR F PBS 28 b B 2 ODg=
L OJEAH . FRH, X T ISR, 45 ODw,=2. O MW . AT HUS S50, BEhl 5 wmol/L 1
H AR5+ PBS I, HUHUSe il 45 A B LA 2 B AR5+ PBS A4S 500 pL—FFMABLE T, BT
170 v/min 3 | 37 CHUTEIRFEIR 11555 30 min, 2.0REE FIZWW, 173 WEER, FIA 20 pl PBS
SR DA B IS A0 T RO . TR BN 2.5 pL UGS F as ik A s s, e IR, i
CLSM J8i1% (Channel £ ; 2NM-1, A_ =488 nm, A_,=600~740 nm).

125 HEERFE EH KBTI ODg=1. 0 BB FR FE 1000 75, I A BEA AN [A] e B 2NM-1 () PBS
FEWL 96 FLAR T, AL A SRR 100 wL. FFARBE IR0, {8 2 D Re AL AR A DUASOGT 96 FLAR 4R ¥
60 s Ji , Kl BEFLAE 600 nm Ak W SAEAE A WIERIEL(C,). ¥ 96 FLAE T 37 “CIEIEFE R, 7 170 t/min
ST RS 24 he BEFRES UG, S BRSO 96 FLARMEA FIR S , KGN AL B RCE I K SR 600 nm AR (4 K
WAH (C) , I T S50 4 525 (O R WAL A FLAELL (C—Co)/Co ) FAF AN [) 245 40 R J3E X6k 17 1) 200 B A7
12.6 SEM itk Aiiil 5 pmol/L HFRJ3 ¥ PBS K, HURFINTE ML A 2NM-1 PBS 45 500 WL fImA 5.0
Brp, BT 37 CIEIRFER T, 78 170 o/min¥5 5 T 5537 40 min, B.0BE 2, EE 3. H500 wL
RF N 5% M T PBS IS A AE 4 “CIRSE R REGAE 12 hitb A7 e . e is, m s bRk
FIZEEW, FHPBS G2 v T 3 R . BESE , AR 40 (10%), 20%, 40%, 60%, 80%, 90%,
95% F1 100% ) 1) L WS WA TAS FE K AL B, BEABEEEAE T 10 min. 2 J5 , HUS L BKEHES T TR T
HE R (S mm X Smm) |, WA 5, I SEM AL HIE AR .

127 4w P SRAIWEMEEE (MTT) % B AR F 0 EmE st Er T 1T IFAN . BGE S 58 it 4m
Y HE IR, BB A SX10* ~/mL A A B, LASEFL 100 WL 2O A 96 FLAR A, i 41 il 2 & >4 5000
AL FEFRAEE TE  WEEAE K S, BBRIAEEFREL, I AHTHI & A AR R B 2NM-1 (35 572 FE W
IS B S A S 5 24 b, SGEEMESCIR AL AE RS SR 12 h S, (AR IEER B 50 mW/em® i 11 BRG
30 min JEARZERETR 12 h. BEFRGTAE , BEERIASEFRIE, FHUEE R 0. 5 mg/mL (Y MTT 3557 SR Ak 23 55
4h. BEREA MTT AR, 4LI0A 100 wL DMSOJ& , TEBFHRY h4E 2 minJ5 , ML RTE
570 nm AL OGBS AR A 2 CV=C/C,x100% THEAS B A 6] 94 Kb T3 B R i 9 AEE 28 (CV)
[Ho, CFRRIRA HEH ARFREE BARSr TR R I B ) G EE L, C,27m X BT (LRI
TR WA ]

2 H#ER5VR

21 BRI &
h TR B A K EVE RS BH B 710 3, 4- — 5 FLAE M ) SR R IFHRED , 1 E, IR N T2
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7, BRGS0 i T2 R = B i — 2 Friedel-Crafts FEREAL 21N, — 48 T HAT RIS -2
TREEF I FTIAR 2N-SQ; BfiJ5 , M S AL 3R s il 15 — 0% SEIUR i TR IR IFHAE &40 2NM, 5114
H fr 5 R RN SHE— AL 1 5 I, )RR e ) 2NM R4 T 224k, B LG A R K VPRI . 0T TR PR 1
5 R E BB RIS REAL &4 2NM-1. iZ AR 4T TE PBS 25 i P 1 e KR f# B2 M 2. 90 mg/mL. HARE S
VI 5 F SRR S0 |« i I = 20 R B B I
2.2 eYnEiERE

e, M T A A RIS T P I UV-Vis IIBOERE . il 1(A) PR, 30 F1E R XA
PR XA S5 A7 AE W S (R Wl . R A A AW SO & T - BRAE T D8 Ak Py W S ) S 05 H i
FERSASIBRAT . 2N-SQ, 2NM A 2NM- 1 F4E I 1 I e 0 73 3102 F 356, 428 F1364 nm b, K K AR i
V53 LT 464, 505 F1496 nm AL . Forbr, 2NM MISOGIE LIS i ok 2, R A Bl i+
TR . TEDEEIE T, 2NM B K A S L 2N-SQ 2145 T 125 nm. {HASTE I, 1o+
A 392. 21 (9 2NM, HW 5 & SHEIE 4 36 206 M IRZEIX I8 . 5 2N-SQ #H Eb, 2NM Fi1 2NM-1 ()
SR K SO IR R B U 34 B S 2T, TG s U At K IR 7 . BH TR 5 19 2NM-1 A d5c R & B
636 nm, L6 2NM 1% 650 nm &R EER , T EE2 M T FHE 10K 2NM-1 5460 D-A-A #7Y, Hil 55
T F AR s B 1(B) 1.
A) — 2N-SQ (B) I 2N-SQ

464 nm — O2NM = 2NM
— 2NM-1 = 2NM-1

525 nm 636 nm 650 nm
f/\\

300 400 500 600 700 500 600 700 800
A/mm Anm

10 1O 625 nm J1(%):

10-° PL intensity/a.u.
(=)}

Background

540 600 660 720 780 0 20 40 60 80 100
Anm Jr(%)

Fig. 1 UV-Vis absorption spectra(A) and fluorescence spectra(B) of 2N-SQ, 2NM and 2NM-1 in THF,
fluorescence spectra of 2NM-1 in toluene/DMSO mixtures with different toluene fractions(f;)(C)
and the relative fluorescence intensity(Z/I,) of 2NM-1 in toluene/DMSO mixtures with different

toluene fractions(D)
The illustration shows the fluorescence images of 2NM-1 in toluene/DMSO taken at £,=0—99% (volume fraction)

(concentration: 10 wmol/L).

R T IT FIIRESE T ROEMER, Ml T 2NM A1 2NM- 1 7EAS ] He 3 4 FE 2R /DMSO TRA 7 75 H G
PR EFHEE . WE 1(C)FM(D)FTR, 76 DMSO Hr, 2NM-1 JEARAS = A5 . Bl R F B fg 38,
T RATRAE, MRS RIE 99% I, 2NM-1 (2G50 FE LLAZE DMSO 35 29 40 1%, R LAY
ATEFRE . IEAR, 57 DU S e A I A5 A s R SRR AR LG, ZEF 2R L T 11 nm (YRS . X R
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2NM-1 HAT58 D-A G544, 78 A i 10 Sk meg AR AR 1 1 R DR b 3R (2 3 A AL, . 455 B
AR B R (B S10, WA SCZRHFE ), 2NM 23 H AR o Z A B 2558 0. 40343 nm, KT
2N-SQ MAHNIFE S . [FIEE, 1 A 5010 B Z RIIFAE S 2 AT, B AR 4 1P I, SECET A
) FL T ER G EPF- T B Y 2 ELEE 2 (0. 3677 nm) 5111 B A9 FL o FR Hu 27 THT A (9 3 ELFE 25 (0. 3597
nm) FEEZE S RIHEN , FOo0 SR R R AR BRI 1 43 B F- R, AR T AT i
- HERL, DTS D THRERR ST BRAT, 485 T R 6RIeE, Sill T REF RO,
23 EMEEITMA

T T P E I S B PEAS T H RS> 2NM FT2NM-1 A2 s A RE T AAhZE . %, SR DCFH
PREFREI T B ROS A A RE 7 . W 2(A) B, ZESEIRARME T, A 2NM /Y DCFH %GR L3 a8
4 min PN SZER 45 53 R, R IR S 09 ROS B R RE 1, HLB . & F /KU HE I ET 2NM-1 7E 40 PBS i
W25 AER R R, X AT RESE R TIRIAFIA RG22 5, ONM 7E RS T KRB REFH T ROS ISR, 1M
2NM-1 7€ PBS R H R 553 TRAS ) ROSFZAZRE I AHXT 4SS . Bl , XF ROS AR S HE T T /5%, FIA
HPF 448 78 TR PR S Al b 22 58 B R S 09 42 A, ABDA FREH 8 78 RS PR S B 2 A8 AR k. an
&1 2(B) A S11TCAS SCCRRE B B, GRS &G 2NM F12NM-1 (1) ABDA #5915 To I I [
ik, HPF #4529 tnm Bt I i A8 Ak, 3R] 38 SEACR P AR RS SRR A 2. F— 2P DHR
123 BREFFIFLIR MBRAN (Ve ) FZH 4, 4898 T 2NM FI2NM-1 84800 B 1 B i 52k Rk ). gl 2(c),
(D) A S12 (WA 75 B FER , JEIEJS &4 2NM A1 2NM-1 1 DHR 123 (726 5% i & 155, H 2NM
PIRER (23 455) A T 2NM-1 (1445 ), T A R K ] Ve J&, DHR 123 B 96 NR IR T R f42E
FERERTI A, 2B 2NM A1 2NM-1 7EJERER = AR () EZ ROS YR B A B F A kL. MAHETH
FH 2 — P TR E R R, SRS A, R NS B MR 4R, 7R B AR
SRk RIS BT BE . AT T A R R T AR R AN AR S B TR DNA , IE T RE

48 1.2

(A) e DCFH-DA+light ®
40 | —e— 2NM-+Hlight R s e e A —
—— 2NM-1+light R
32+ 08
_ _ \ —=—ABDAight
Jo 24+ 's 06 L —e— ABDA+2NM-+light
N § ’ —+— ABDA+2NM-1+light
16 - Y A N ABDA-+RBHight
8 02| \v
\
0 [ 1 1 I I 0 I 1 |\ﬂ\ ]
0 60 120 180 240 0 20 40 60 80 100 120
Time/s Time/s
30 30
© — DHR123+2NM (D)  —DHRI123+2NM-1
" — DHR123+2NM-+light - — DHR123+2NM-1+light
2 i — DHR123+2NM+VcHight = i — DHR123+2NM-1+VcHight
E E
Z 18 % 18 |
5 5
a 12 a 12 F
3 o
= =
- 6 = 6F
0 : 0 | 1 L
500 525 550 575 600 625 650 500 525 550 575 600 625 650
A/nm Amm

Fig. 2 Plots of the relative PL intensity at 525 nm of DCFH(40 pmol/L)(A) and the relative absorption
intensity at 380 nm of ABDA(50 pmol/L)(B) of 2NM and 2NM-1, fluorescence spectra of DHR
123 probe and 2NM(C) or 2NM-1(D)(10 pmol/L) before and after adding V¢ under illumination
(40 mW/cm?), 2NM in 1% DMSO, 2NM-1 in PBS solution
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AV, EH O R AR . A, SR A AT, B A B A S AR A
e,

2.4 {RSMTETERE

YT 2NM-1 BA LS R T AR | TR A RCR D e RAF K, TEE 2
PG FGIE TRy T HAA T RE B A1 T . LA B R A BRTE (S, aureus) . KBTI (E. coil) FIFI
BIRW(C. albicans) 53 HE R 22 R VE TR . 5 2% PR ME B B P B R S8 BT IEAS 17 2NM-1 ARSI
ITERE . ¥ 2NM-1 5 3 Wy kA7 20 & IR, 45 2R NI S13(A) (WA SCECHHE B Fir s, 2NM-1 %)
S. aureus, E. coil F1 C. albicans ¥IRES I CRLG , Horb 15 1 (0,8 2R T A 46 80 60,7 4 3K T 1 2855 CR
B2 AL T RKBFF . [FEE, Zeta BAAEIRZE R B S13(B) 1B, A NM-1J5, 48 (0 A Bk i 41 i
HEFR) T FL 2 AN =48 mV TH 2 -31. 8 mV, UESZAF 1E HL Ay Y 2NM-1 575 67 H i A8 fol A P 3 T A7 35 11
T HLAR EAE

BE—2B AL T 2NM-1 RUHTIERCR . AR TS T RSB AS R s, 2NM- 10 4 B (0 4 BRI A 60
SHRWEA S PETEYE . i 3(A)F(B) FR, TERIEAIET , 2NM-1 X 4 B (0 8 45 BR 1A F 8
A) 0 2 pmol/L (B)

4 pmol/L 0 2 umol/L 10 pmol/L

10 pmol/L 4 pmol/L

Dark

Light

120 - (C) = () 2 ymol/L 120 - (D) () 2 ymol/L
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100+ v ; 100} ] ;
< : i S T B E
Zz 80} : ; Z 80F : ;
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0.4 0.5
(E) +g i, F ——0
—*— 2 umo —— 2 umol/L
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Fig. 3 Photographs of S. aureus(A) and C. albicans(B) on LB agar plates treated with 2NM-1 with different
concentrations at dark or light, quantized survival rates of S. aureus(C) and C. albicans(D) via colony
counting on LB agar plates treated by 2NM-1 with different concentrations at dark or light, growth
curves of S. aureus(E) and C. albicans(F) treated with 2NM - 1with different concentrations after

irradiation
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Fig.4 SEM images of S. aureus(A, B) and C. albicans(C, D) co-cultured with 2NM-1 after treatment
with dark(A, C) or light(B, D) for 20 min(40 mW/cm?)
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Fig. 5 CLSM image of 2NM-1 co cultured with Hela cells(A), cell viability of Hela(B) and 4T1(C) cells

incubated with different concentrations of 2NM-1 treatment with dark or light irradiation
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